Introduction
Magnetic nanoparticles (NPs) have shown great potential for a number of important technological applications, such as information storage, medical diagnosis, drug delivery, etc.
1-3 For example, in an alternating magnetic eld, magnetic NPs are able to convert electromagnetic energy into thermal energy, which is useful for treatment of cancer by magnetic hyperthermia. 4, 5 Fe-Co oxide NPs have demonstrated great potential linked to their distinctive properties. They show large magnetic anisotropy, moderate saturation magnetization, chemical stability and mechanical hardness. [6] [7] [8] The magnetic properties of Fe-Co oxide NPs are believed to be related to their morphology, composition, and cation arrangements.
9-11 Joshi et al. 9 reported that the saturation magnetization of cobalt ferrite NPs increases with an increase in size, and that spherical NPs exhibit higher saturation magnetization than faceted irregular ones. The effect of stoichiometry, i.e. metal ratio, on the magnetic properties of cobalt ferrite NPs was studied by Sathya et al. 10 They reported that the specic absorption rate (relevant for magnetic hyperthermia) and the relaxivity value (signicant for magnetic resonance imaging, MRI) of the cobalt ferrite (Co x Fe 3Àx O 4 ) NPs could be tuned not only by the NP's size, but also by the Fe/Co ratio. They concluded that particles of 20 AE 2 nm in size and Co stoichiometry (x) in the x ¼ 0.5-0.7 range are promising candidates as heat mediators for both hyperthermia and MRI applications. Fe-Co oxide NPs usually have a spinel structure with unit formula AB 2 O 4 , where A and B stand for tetrahedral and octahedral cation sites within the close packed array of oxygen atoms. 12 The metal ion arrangement at different sites also has a strong inuence on magnetic properties. Previous studies [13] [14] [15] have reported the valence states of the Fe and Co cations and their corresponding distributions in the A and B sites of the cobalt ferrite structure with Mössbauer spectra. Liu et al. 11 reported that the migration of Co 2+ ions from A to B sites could result in an increase in the saturation magnetization and coercivity. The hydrothermal method is one of the most widely used synthesis protocols for the preparation of metal oxide NPs.
16,17
By adjusting the synthesis conditions, such as pH, reaction temperature, Co to Fe ratio and surfactants, the particle morphology and Co to Fe ratio in the NPs can be adjusted. 16, 18, 19 The cation distribution in A or B sites can be tuned by changing the reaction time 11 or the quenching speed aer post-annealing of the Fe-Co oxide NPs. 12, 20 However, the effect of synthesis conditions on the element spatial distribution of Co and Fe in the NPs is rarely discussed. The degree of inhomogeneous alloying in the NPs will undoubtedly affect their magnetic properties; Antoniak et al. 21 found that the magnetic moment of FePt NPs was reduced by 20-30% with respect to the bulk material due to compositional inhomogeneity in the particles. Furthermore, López-Ortega et al. 22 synthesized magnetic core/ shell NPs of Mn x Fe 3Àx O 4 /Fe x Mn 3Àx O 4 using a seeded growth procedure; the heterostructured NPs showed a strong exchange coupling between the core and shell resulting in a coercivity increase.
Ac-STEM is a powerful tool for characterising binary complex NPs using Z-contrast imaging 23, 24 and STEM-EELS analysis.
25-27
Here we studied the morphology, Fe/Co ratio and Fe and Co distribution of the hydrothermally prepared Fe-Co oxide NPs by ac-STEM. We found that by changing the iron salt, from iron nitrate to ammonium iron citrate, the internal order (crystallinity, elemental distribution, etc.) in the Fe-Co oxide NPs can be changed.
Synthesis procedure and experimental method
The synthesis of a series of Fe-Co oxide samples at Promethean Particles Ltd (Nottingham, UK) was conducted in water using a continuous-ow hydrothermal reactor, which has previously been described in the literature; 28-32 a schematic diagram is shown in Fig. 1 . Briey, deionised water was pumped into an electric preheater at a rate of 20 ml min À1 . The water was heated to 400 C and owed into the nozzle reactor section of the system, where it met a ow of aqueous metal salt solution at ambient temperature, pumped in at a rate of 10 ml min À1 .
For each sample, the metal salt solution was composed of the specied concentration ratio of iron and cobalt ions, with total concentration 0.05 M. The cobalt salt used was cobalt(II) acetate tetrahydrate (Co(C 2 H 3 O 2 ) 2 $4H 2 O, Sigma-Aldrich). Two different iron salts, iron(III) nitrate nonahydrate (Fe(NO 3 ) 3 -$9H 2 O, Sigma Aldrich) and ammonium iron(III) citrate (C 6 H 8 -O 7 $xFe 3+ $yNH 3 , Sigma-Aldrich), were used to synthesise sample series INN (iron nitrate nonahydrate) and AIC (ammonium iron citrate), respectively. A summary of the precursor concentrations used is given in Table 1 .
For the AIC-1 sample, the water ow feed also contained 0.25% v/v hydrogen peroxide (H 2 O 2 , Fisher Scientic, UK). Hydrogen peroxide was used here to drive oxidation of the cobalt precursor. A reaction temperature of 400 C was chosen to keep a high rate of conversion and the whole system pressure was maintained at 240 bar by a backpressure regulator. The collected samples were washed by centrifugation or ltration and then sent to the University of Birmingham for characterisation. The samples were imaged in a 200 kV JEM2100F (JEOL) STEM with a spherical aberration probe corrector (CEOS). Highangle annular dark eld (HAADF) images were acquired with inner and outer detector semi-angles of 62 and 164 mrad (camera length 10 cm), and probe convergence semi-angle of 19 mrad. The elemental composition was determined by EDX spectra, which were obtained with a Bruker XFlash 4030 detector attached to the microscope. The EELS spectra were recorded with a Gatan Enna detector at a camera length of 2 cm and a collection semi-angle of 57.8 mrad. Zeta potential measurements were made with a Malvern Zetasizer ZS system. Measurements were performed at 21 C and repeated at least 5 times per sample using a low volume zeta potential cell, which was washed with ultra-high purity (UHP) water in between each sample. The X-ray diffraction (XRD) patterns were collected using a Bruker D8 powder diffractometer using Cu Ka radiation (l ¼ 1.5406Å).
Results and discussion In both cases, the NPs were aggregated. However, the level of agglomeration of the NPs in the AIC sample series was higher than that in the INN series, which agrees with the zeta potential measurements. The average zeta potential (shown in Table 2 ) of the INN samples is larger than the AIC series, indicating a higher stability and lower level of agglomeration. From the size distribution histograms, it can be seen that the diameter ranged from around 5 to 30 nm, and that the AIC sample series had more large particles (>15 nm). Overall, the average diameters of the two batches of samples were close to each other. Changing the iron salt in the solution seems to have an effect on the dispersion of the hydrothermally synthesised Fe-Co NPs.
The XRD results from the INN and AIC sample series are shown in Fig. 3 . The XRD spectra of the INN samples (Fig. 3a) suggested that the Fe-Co oxide NPs from INN-2 and -3 are not well crystallised, since the diffraction peaks were weak and broad. The crystallite sizes of Fe-Co nanoparticles in the INN series are calculated using the Scherer equation, where D is the mean size of the crystalline domains, K is the shape factor and takes the value 0.9 in the calculation, l is the Xray wavelength, b is the full width half maximum (FWHM) of the (311) peak obtained from their Gaussian ttings, and q is the Bragg angle. The average crystallite sizes for sample INN-1, -2 and -3 are 5.8 nm, 3.6 nm and 3.8 nm, respectively. These values are much smaller than those measured from the STEM-HAADF images, which suggests that the Fe-Co NPs probably have segregated Fe-rich and Co-rich regions since these regions have different lattice parameters when the Fe/Co ratio varies. 15, 34 This was also supported by the EELS mapping analysis shown below. Fig. 3b shows clear XRD patterns from the AIC samples, which correspond to the AB 2 O 4 structure. 35, 36 The average FWHM value of the (311) peaks for the AIC samples is 0. 9 , which is much smaller than that of the INN series (about 2.0 ). This indicates that these particles have bigger crystalline domains than those in the INN sample series. The average crystallite sizes calculated from XRD patterns of AIC-1, -2 and -3 are around 11.4 nm, 7.9 nm and 9.1 nm, respectively, which are very close to the microscope measurements, indicating a high level of crystallinity in the particles. Table 3 shows the elemental compositions of each sample in the INN and AIC series. It is important to note that the Fe/Co ratios of the synthesised INN samples are close to the ratios in the metal salt solutions. In the case of the AIC samples, these two ratios are very different, and the Fe/Co ratios detected in the particles are always higher than in the solutions. This may be caused by the ammonium citrate in the solutions. In the hydrothermal synthesis of iron oxide particles from ammonium iron citrate, it has been reported that the Fe 3+ can be reduced to Fe 2+ by the carbon monoxide formed from the thermal decomposition of ammonium citrate in the supercritical water. 37, 38 In a reducing environment, the oxidation of Co 2+ to Co 3+ will also be highly suppressed and the precipitation of Co ions from the solution will become more difficult. 16 This could explain why the Co content detected in the AIC samples was always lower than expected. For the samples in the INN series, where iron nitrate was used as the precursor, the nitrate ions might act as an oxidation agent to drive the Co 2+ to Co 3+ . The element spatial distribution of the metals in the samples was studied by STEM-EELS and some mapping results are shown in Fig. 4 . We found that the element spatial distributions in the NPs synthesised with iron nitrate (INN batch) were not uniform, as is shown in Fig. 4a and b . A Co-rich region tended to lie at the surface of the particles and an Fe-rich area in the core. However, a complete core-shell structure was not observed, and in some cases, even a "dumbbell" distribution of Fe and Co was also observed. The non-uniform elemental distribution in the NPs of INN samples may be caused by the nitrate anions in the iron salt and the solubility of the Fe and Co ions in the solutions. Previous studies 16, 39 implied that Co oxide NPs could not be precipitated from cobalt nitrate solutions in the absence of a base, or that only a few large particles could be produced when Co nitrate was in contact with supercritical water. 40 In contrast, the solubility of Fe ions in the iron nitrate solution is several orders of magnitude lower than that of Co in its nitrate solution. 16 Therefore, the nucleation of Fe oxide or hydroxide particles is easier than that of Co oxide or hydroxide during hydrothermal processing. Consequently, the Co cations may then proceed to precipitate on the surface of Fe oxide particles due to ion diffusion in the solution, forming Co and Fe-rich areas. This also explains why the Fe-rich regions tend to be in the core and Co-rich regions on the surface.
For the AIC sample series, we found that the Fe and Co spatial distributions in these NPs were very uniform (shown in Fig. 4c  and d) . In this case, cobalt ferrite is the likely product as the XRD results indicate. There are two possible reasons for the uniform elemental distributions. First, the CO molecules produced by the thermal decomposition of citrate 37, 41 are expected to be miscible with supercritical water and provide a homogeneous reaction environment promoting the oxidizing and reducing capability. Controlling the elemental arrangement in magnetic alloy NPs is of great importance, not only because it can change the magnetic properties of the particles 21 but also because it might inuence their toxicities and biocompatibilities. Iron oxide NPs are widely used in in vivo applications because of their low toxicity and biocompatibility. 45, 46 For the Fe-Co oxide NPs, the non-uniform distribution of Co oxide (especially when the Co rich region is on the surface of the NPs) may increase the toxicity of the particles, since it has been reported that Co NPs can induce cytotoxicity and genotoxicity in cells. [47] [48] [49] A toxicity investigation of the Fe-Co oxide NPs reported in this work is in progress, and may shed light on the effect of the spatial distributions of the metals in the NPs on the toxicity.
Conclusions
In summary, we have explored a continuous hydrothermal method to prepare Fe-Co oxide NPs using two different iron salts as precursors. We found that the iron salt anions have a signicant effect on the degree of crystallinity and aggregation, composition of the NPs, and spatial distribution of the metals in the NPs. The Fe-Co oxide NPs prepared with ammonium iron citrate were found to be well crystallised and had a more uniform Fe and Co distribution than the particles synthesised with an iron nitrate precursor. We suggest that ammonium citrate provides homogeneous reaction environment and promotes the simultaneous precipitation of Fe and Co ions by forming complexes. Overall, our investigation into the effect of precursor salt on the continuous hydrothermal synthesis is helpful to understanding the reaction process, allowing for better control of the NPs produced.
